Abstract. A wideband, low-cost and high-gain circularly polarized (CP) circular-horn-loaded
Introduction
For the merit of low loss [1] , the substrate integrated waveguide (SIW) technology has received much attention in millimeter-wave (mmW) wireless systems [2] , such as front-end systems [3] , [4] , filters [5] , antennas [6] , [7] , etc. As the indispensable components of mmW wireless systems, antennas play an important role in information transmission. Meanwhile, there has been an increasing interest in the investigation of circularly polarized (CP) antennas because of their advantages of suppressing the multi-path interference and reducing the polarization mismatch [8] . Therefore, over past twenty years, many kinds of CP antennas based on SIW technology have been investigated [9] [10] [11] [12] [13] .
The SIW slot covered by a rotated strip or a CP patch may be one common method for generating CP radiation [9] , [10] . For example, a low-temperature co-fired ceramic integrated SIW slot antenna covered by a rotated strip was proposed in [9] . This antenna achieves a 3-dB axial ratio (AR) bandwidth of 11.6%. [10] presents a SIW slot array antenna covered by corner-truncated CP array patches. The measured -15-dB |S 11 | and 3-dB AR bandwidths of this antenna are about 6.4 % and 2.86 %, respectively. This method can achieve good CP performance. However, the multi-layer technology is always needed. The multi-layer technology merits high degree of freedom of designing and beam forming capability, but the cost is high.
The multiple feeding is also a good method for generating CP radiation, and this kind of antenna always shows wide bandwidth. In [11] , a differential-fed CP planar aperture antenna based on SIW technology operating at 60 GHz was proposed. There are two feeding ports in one antenna element. The proposed four-element array could achieve wide 3-dB AR bandwidth of 16.7% (56 to 66.2 GHz) within its -10-dB |S 11 | bandwidth and stable gain throughout the operating bandwidth with a maximum of 14.6 dBi. The differential feeding is useful in differential mmW monolithic integrated circuits and can achieve stable and symmetric radiation patterns. Nevertheless, for other applications such as phased arrays, the feeding network is complex.
Single-fed CP SIW antennas are always research focus because of low cost, simple structure and easy fabrication. A CP circular ring-slot antenna embedded in singlelayered SIW operating at X band was proposed in [12] . The measured results exhibit that the antenna has a broadband impedance bandwidth of 18.74% for VSWR  2 and a 3-dB AR of 2.3%. In [13] , the SIW cavity-backed CP antennas using two different feeding transitions were presented. The measured results prove that broadband impedance bandwidth of 17.32% and 14.42% under the criteria of less than VSWR 2:1 and 1.5:1, respectively, were obtained and a 3-dB AR of 2.34% with a maximum gain of 7.79 dBic was accomplished by using the proposed antenna with coax-to-SIW transition operating at the X band of 10 GHz center frequency. Both the two antennas are singlefed, low-cost and can achieve good CP radiation pattern, however the 3-dB AR bandwidth is relatively narrow.
Therefore, the design of a low-cost single-fed SIW CP antenna with both wide impedance and AR bandwidths is not an easy task.
In addition, high gain is also necessary for mmW applications because of the high transmission and propagation losses at mmW. Forming an array may be the most common method to achieve high gain. This method merits easy integration with other planar circuits. However, for parallel-fed arrays, because of the large width of the SIW, the radiating elements and feeding network of this kind of array are not easy to be built on a single substrate at the same time in a simple and tighten way, especially when the dielectric permittivity of the substrate is small, the radiating element needs multiple feeding and a square array with large number of elements is needed. As a result, the design of the feeding network is not so easy, the feeding network is complex which will cause extra loss and limitation of the number of elements of a square array. The series-fed array can solve this problem, but the bandwidth is usually narrow [10] .
To address the problems above, this paper presents a low-cost single-fed SIW CP antenna built on single-layer substrate with both wide impedance and AR bandwidths. A circular horn is also loaded on the surface of the proposed SIW CP antenna to forming a CP horn antenna for high gain. This kind of antenna will decrease the chance of a dense integration but it needs no feeding network. Therefore, the structure is simple and the loss caused by the feeding network is low. And compared with the multi-layer technology, the cost of the extra metal horn is low. Owing to the above advantages, the proposed antenna is suitable for low-cost, high-gain and broadband mmW applications.
Antenna Design

Total Antenna Configuration
The proposed antenna configuration is shown in Fig. 1 . It consists of a duroid RT 5880 substrate, a metal circular horn, and a metal feeding structure for measurement. The substrate used is duroid RT 5880 with dielectric permittivity ε r = 2.2, loss tangent tanδ = 0.0009 and thickness of 1.575 mm. For seeing the proposed antenna more clearly, the 3D and side views of the a-a' profile of the proposed antenna are also plotted in Fig. 2. 
SIW Antenna
As the SIW antenna is the excitation of the circular horn, we start our design from the SIW antenna. Figure 3 shows the 3D and top views of the SIW antenna. As shown, a center-symmetric wide slot is etched on the upper ground of a short-ended SIW. In order to generate CP wave, an L-shaped probe is printed inside the slot and connected to the SIW. The detailed dimensions are: d = 0.3 mm, s = 0.5 mm, w SIW = 5 mm, w 1 = 0.1 mm, w 2 = 0.2 mm, w 3 = 1.2 mm, w 4 = 1.1 mm, w 5 = 4.3 mm, l 1 = 1.81 mm, l 2 = 2.14 mm, l 3 = 3.25 mm and l 4 = 0.975 mm. The evolution of the proposed antenna is depicted in Fig. 4 to explain the CP performance of the SIW antenna. All the three antennas have been discussed here, .i.e., antenna 1 (ant 1), antenna 2 (ant 2), and antenna 3 (ant 3). Ant 1 is the SIW antenna with a rectangular slot. Ant 3 is the proposed SIW antenna with a corner-perturbed center-symmetric slot. And ant 2 is the SIW antenna with a basic centersymmetric slot.
The effects of the each step of all three antennas are described in Fig. 5 . The commercial electromagnetic software HFSS was used to obtain all the simulated results. It can be seen that ant 1 has the worse |S 11 |. Ant 3 has a wide impedance bandwidth of 23.8% from 31.5 to 40 GHz for |S 11 |  -10 dB. The impedance bandwidth of ant 2 is almost the same with that of ant 3 but shifts to lower frequencies. The AR is improved gradually from ants 1 to 3. The AR bandwidth of ant 1 with the highest center frequency is the narrowest. The 3-dB AR bandwidth of ant 3 is 21.3% from 31.5 to 39 GHz. The shape of the slot is the key for achieving good CP performance. By shaping the slot into central symmetry with perturbed corner, the currents on the SIW slot will be improved because of the rotating edges. For illustrating this point clearly, the simulated currents on the surface of the SIW slot of ants 1 and 3 at 35 GHz and different phases are plotted in Fig. 6 . It can be seen that the currents of ant 1 are in the same direction at 0° and 90°, therefore the SIW slot of ant 1 generates the linearly polarized wave. On the contrary, the currents of ant 3 rotate clockwise from 0° to 90° which results in left-handed CP (LHCP) radiation. Righthanded CP (RHCP) radiation can be obtained by adopting a mirror image of the presented configuration. Therefore, the LHCP will be the co-polarization, while the RHCP will be the cross-polarization.
CP is generated by two orthogonal E vectors with equal amplitude and 90° phase difference. The two orthogonal E vectors are generated by the horizontal and vertical parts of the L-shaped probe in the proposed SIW antenna. The rectangular SIW slot is influenced by the probe differently, so the SIW slot cannot generate CP wave. By shaping the slot into central symmetry with perturbed corner, the SIW slot will be influenced almost equally. Therefore, the SIW slot can generate CP wave.
The simulated E-field distributions on the surface of the SIW slot of ant 3 at 35 GHz and different phases are also plotted in Fig. 7 . The directions of the E-field rotate clockwise from 0°to 270° which also demonstrates that the LHCP will be the co-polarization, while the RHCP will be the cross-polarization.
The simulated radiation patterns of ant 3 at 35 GHz are shown in Fig. 8 . It can be seen that good broadside radiation is achieved. The LHCP components in both planes are the co-polarization while the RHCP components in both planes are the cross-polarization. The gain of ant 3 is 5.55 dBi. Meanwhile, the proposed SIW antenna merits good front-to-back ratio (FBR) 35.55 dB.
Feeding Structure
The transition from SIW to air-filled rectangular waveguide proposed in [14] is used to feed the SIW antenna. The configuration of the transition with detail dimensions is shown in Fig. 9 . The simulated |S 11 | and |S 12 | of the transition is shown in Fig .10 . It can be seen that the simulated return loss and insertion loss of the back-to-back transition are better than 10 and 0.5 dB from 30 to 40 GHz.
Circular-Horn-Loaded SIW Antenna
In order to obtain high gain, a circular horn is loaded on the surface of the SIW antenna to forming a CP horn antenna.
Traditionally, the horn antenna is LP and it can be turned into a CP antenna by using a circular-wave polarizer [15] , [16] . However, this type of CP horn antenna has large size. A dual CP rectangular horn antenna with a chiral metamaterial was presented in [17] . The antenna achieves LHCP performance in the frequency range of 12.4 GHz to 12.5 GHz, and RHCP performance in the range of 14.2 GHz to 14.4 GHz. The circular polarization also can be obtained by truncating the horn properly [18] . A wideband CP circular horn antenna fed by an L-probe was proposed in [19] . It is a good method to achieve circular polarization owing to the simple structure and low cost.
The CP horn antenna can be obtained using all the above methods, but all of them are fed by a rectangular waveguide or a coaxial cable. Therefore, extra transition is needed to connect the antenna to the planar circuit which will introduce extra loss. The CP horn antenna proposed in this paper is fed by the SIW antenna directly which can solve this problem. For illustrating the effect of the circular horn on the SIW antenna, the simulated |S 11 |s, ARs and gains of the SIW antennas with and without the circular horn are shown in Fig. 12 . As observed, the |S 11 | is improved by the loaded circular horn. The impedance bandwidth becomes 28.6% for |S 11 |  -10 dB from 30 to 40 GHz. The maximum gain is increased greatly from 6 to 16 dBi. And the AR bandwidths of the SIW antennas with and without the circular horn are almost the same.
The simulated radiation patterns of the SIW antenna with the circular horn at 35 GHz are shown in Fig. 13 . It can be seen that good broadside radiation is also achieved. The FBR is increased to 47.8 dBi. To verify the simulations above, an antenna prototype was built and measured. Photographs of the antenna prototype are given in Fig. 14 . The measurement setup is shown in Fig. 15 . The measurement system is a near-field one. The distance between the antenna prototype and the probe is 35 mm and the detection range is 120 mm  120 mm with the detection step of 2 mm. It should be noted that only the |S 11 |, AR, gain below 40 GHz and the radiation patterns in the upper-half plane are measured due to the limitation of the experimental equipment.
Measured Results and Discussions
The simulated and measured |S 11 |s ARs and gains are given in Fig. 16 . It can be seen that the measured results agree well with the simulated ones. The antenna prototype has a wide impedance bandwidth of 28.6% from 30 to 40 GHz for |S 11 |  -10 dB and a wide axial 3-dB AR bandwidth of 22.2% from 32 to 40 GHz. The measured maximum gain is 15.6 dBi at 36 GHz with slight fluctuations over the 30-40-GHz frequency range. The efficiency is about 80% within the working band and the maximum efficiency is 93% at 36 GHz.
Simulated and measured radiation patterns of the proposed array at 32, 35, and 39 GHz are indicated in Fig. 17 . It can be seen that good agreements are achieved between the simulated and measured radiation patterns. The LHCP components in both planes are generated as the co-polarization while the RHCP components in both planes are generated as the cross-polarization.
The slight discrepancy between measurements and simulations may be due to fabrication and assembling errors, and uncertainties, such as changes in the dielectric constant and thickness of the used substrate, metallization losses, and surface roughness. 
Conclusion
A low-cost circular-horn-loaded CP antenna based on SIW technology operating at Ka band is presented and demonstrated. The measured results show reasonable agreement with the simulated ones. This kind of CP antenna, which is single-fed, low-cost and high gain, has both wide impedance and 3-dB AR bandwidth. Owing to its advantages, this CP antenna can be a good candidate for the mmW applications.
